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I consider the general problem of exploiting quantum mechanics to detect weak particles and 
forces. A phenomenon is detectable using classical methods if and only if the effective Hamiltonian 
coupling it to normal matter does not commute with the classically preferred basis. Classically 
undetectable phenomena can still be observed, but they require coherent superpositions and mea- 
surements which do not commute with the preferred basis. The Aharonov-Bohm effect, the shot 
noise limit, and the standard quantum limit are special cases of this general idea. I propose using 
matter- wave interferometry to directly detect hypothetical new particles, such as sub-MeV dark 
matter, that transfer negligible momentum when colliding with normal matter. The coherent con- 
trol of planck-mass superpositions could also enable the detection of relic neutrinos, fifth forces, and 
even gravitons. 



One limit of experimental physics is that it does not 
allow us to rule out the existence of new particles, forces, 
dimensions, or universes from which we are causally dis- 
connected. Even if some hypothetical new physics has 
non-zero interactions with experimental apparatuses, the 
coupling may always be so small that the influence on 
the apparatuses is negligible. Experimenters are only 
able to rule out coupling strengths above some cutoff, 
and at some level of statistical significance. There are 
many proposed and underway experimental searches for 
hypothetical new particles and forces (with varying de- 
grees of theoretical and observational motivation) which, 
if they exist, interact only weakly with regular matter. 
Most notable is probably dark matter jTH5] , but others 
include supersymmetric particles [6 , new neutrino fla- 
vors [7], mirror matter [8], and fifth forces 

Methods for detecting weak phenomena can often be 
described by the following classical detection scheme. 
There is a normal system A, which is relatively easy 
to handle and measure, and there is an environment £ , 
which continuously interacts with A. There is also a 
hypothetical system V which is difficult to measure but 
interacts at least weakly with A. The coupling between 
A and £ determines a (possibly overcomplete) preferred 
basis (IAq,)} in A of pointer states [10j[TT]. (For exam- 
ple, A is a Xenon nucleus, £ is the rest of a bath of liquid 
Xenon, V is a dark matter candidate, and the are 
wavepackets [12] localized in phase space.) Decoherence 
ensures that the state of A is approximately diagonal in 
the preferred basis, both before and after interacting with 
V. Schematically: the initial density matrix 

/£ = 5>MU<A a | (i) 

i 

of A undergoes some unitary evolution, 

Pa®Pv^PAd, (2) 



and is then measured in the preferred basis (l^)}. Even 
when there is not a natural environment enforcing a 
pointer basis, there is often still a single preferred ba- 
sis in which the system is prepared and in which it can 
be measured, due to experimental limitations. 

Besides the advantages of conceptual simplicity, 
searches for weak phenomena commonly employ a classi- 
cal detection scheme because weak phenomena are often 
rare phenomena, so a reasonable chance of observations 
necessitates large experimental volumes. It's usually not 
possible to prepare large volumes in arbitrary quantum 
states, nor make arbitrary quantum measurements. In- 
deed, the initial state p® A of A will be approximately di- 
agonal in the basis {|Aq,)} because of decoherence [T3HT5] 
from the environment £ . Furthermore, an experimenter's 
instruments do not interact with A directly. Instead, 
he uses the environment £ as an information channel 
[TBI HZ] j an d this turns out to prevent him from mea- 
suring A in anything besides the pointer basis [T8j . 

Crucially, such detection schemes rely on the hypothet- 
ical system changing the state of the regular matter in the 
preferred basis. Let pA and pA be the state of A before 
measurement if V does or does not exist, respectively. A 
necessary condition for the detection of V is for 

(pA)aa = (A a \p A \A a ) (3) 

to be substantially different than (pa) aa f° r a t least one 
value of a. 

For example, many experiments consist essentially of 
a container of regular matter (e.g. liquid hydrocarbons 
[3 [19], heavy water [20 , nobel liquids [21 , or crys- 
taline semiconductors [4]) which is carefully watched for 
the tiny effects of a collision with the hypothetical par- 
ticle such as recoil, vibration, heating, or ionization. 
These techniques rely on there being sufficient momen- 
tum transfer from the hypothetical particle to the regular 
matter that the momentum of the regular matter is sub- 
stantially changed. 
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But it's easy to imagine hypothetical new particles 
which transfer negligible momentum. Classically, such 
particles are undetectable. In a classical universe, or 
a quantum universe where experimenters only employ 
classical detection schemes, the new particles are ghosts. 
They evolve along side normal matter but cannot influ- 
ence the normal matter even though the normal matter 
can (strongly) influence them. Their existence may be 
motivated only by elegance, or perhaps (like dark matter) 
by their astrophysical and cosmological influence through 
gravity. 

More generally, a classical detection scheme will be 
blind to new phenomena (for all possible initial states) 
if and only if the unitary governing the joint evolution is 
diagonal in the preferred basis. To see this, first suppose 
that the evolution is of the form 

U\Ai)\D a ) = \Ai)uW\D a ), (4) 

where U acts on A V and the act on V. (This 
is equivalent to U commuting with i.e. all eigen- 

values of U are of the form \Ai)\D^).) Then the matrix 
elements of the state of A in the preferred basis after the 
interaction are 

(MpAAj) = (AtlTrv [U (p° A ® p° v ) C/t] \Aj) (5) 
= (A i \p A \A j )Tr v [U^p° v U^] (6) 

Therefore, p A can differ from the initial state p° A only on 
the off-diagonal elements (necessitating a measurement 
outside the preferred basis) and only if p Q A itself has non- 
zero off-diagonal elements (necessitating an initial coher- 
ent superposition of preferred states). 

Conversely, suppose that p A is diagonal in the pre- 
ferred basis and V is in arbitrary pure initial state 
Pj) = \Dq)(Dq\. Then the diagonal elements of the state 
of A are 

(A k \ PA \A k ) = ^(Ailp^AMD^lD^), (7) 

where \DQ k ^) = (Ak\U\Ai)\D ) . Blindness of the classical 
detection scheme implies that (Z^'^lZ)^'^) = d^^ for all 
| Do) 5 which can only be true if Eq. Q holds. Further- 
more, the previous paragraphs show that relaxing either 
restriction of the classical detection scheme (that is, al- 
lowing either initial states or measurements outside the 
preferred basis) will not lead to a visibility of the phenom- 
ena; if it can't be seen with a classical detection scheme, 
it can only be seen if both the initial state and the mea- 
surement fail to commute with the preferred basis. 

In the case of hypothetical particles with negligible mo- 
mentum, scattering events (which we assume happen on 
much shorter timescale than the free propagation of the 
regular matter) do not substantially influence a localized 
wavepacket of the regular matter: 

^ SC att|^,p)|An) « \A^p)\D out ), (8) 



where \A$^p) is a wavepacket of A at position x with 
momentum p. 

Nevertheless, such particles are detectable, maybe even 
easily detectable, with specifically quantum experiments. 
Before I discuss this, I turn to the Aharonov-Bohm effect 
as a prototypical example of the power of non-classical 
detection schemes. 



The Aharonov-Bohm effect 

The startling Aharonov-Bohm (AB) effect [22j|23] has 
been experimentally demonstrated many times, in both 
magnetic [24U26] and electric [27] versions. Charged par- 
ticles are made to travel coherently along two alternate 
paths, such as in a Mach-Zehnder interferometer. At 
the experimenter's discretion, an external electromag- 
netic potential can be applied so that the two paths are 
at different potentials yet still experience zero magnetic 
and electric field. The paths are recombined, and the 
size of the potential difference determines the phase of 
the interference pattern. The effect is often interpreted 
as a demonstration that the electromagnetic potential is 
physically 'real', rather than just a useful mathematical 
concept. 

However, Vaidman recently pointed out that this is a 
mistaken interpretation which is an artifact of the semi- 
classical approximation used to describe the AB effect 
[28] . Although it is true that the superposed test charges 
experience zero field, it turns out that the source charges 
creating that macroscopic potential do experience a non- 
zero field, and that the strength of this field is depen- 
dent on which path is taken by the test charges. In 
fact, if one modifies the experiment so that the source 
charges experience zero field, while retaining a potential 
difference between the two paths, the AB effect disap- 
pears. (In this modification, the semi-classical approx- 
imation breaks down.) It is the non-zero field at the 
source charges — not the potential at the test charges — 
which is responsible for the observed phase. 

Even though the AB effect doesn't tell us anything new 
about the electromagnetic potential, it turns out to be a 
prototypical example of using a non-classical detection 
scheme to detect a classically undetectable phenomenon. 
Classically, there is no way to distinguish between two 
electromagnetic field configurations by performing exper- 
iments in a region which always has zero field. This is 
equivalent to saying that the unitary used to evolve the 
state of the test charges commutes with the pointer ba- 
sis of test charge wavepackets localized in phase space, 
if the field is zero for all relevant values of x. 
Indeed, suppose |-D ff) features zero electromagnetic po- 
tential everywhere and \D on ) features a spatial region R 
with uniform electric potential Vq. Consider two pointer 
states |A^o) and l-A^o), with y £ R but x i R, for a test 
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FIG. 1. Decoherence detection with a Mach-Zehnder Inter- 
ferometer. System A is places in a coherent superposition of 
spatially displaced wavepackets by a beam splitter which each 
travel a separate path and then are recombined. In the ab- 
sence of system V, the interferometer is tuned so that A will 
be detected at the bright port with near unit probability, and 
at the dark port with near vanishing probability. However, if 
system D scatters off A, these two paths will decohere and A 
will be detected at either port with equal probability. 



charge -e. The effective Hamiltonian is 

H = -ey |^,o)(^,o| ® |Am)(A> 



(9) 



which clearly commutes with the pointer basis 
{\A$, o)> 1^4-2/, o)}- That is, after a time T the joint state 
picks up a phase e*^, where (j) = -eVoT if the test charge 
is in region R and the macroscopic electromagnetic po- 
tent is switched on, and = otherwise. 

A classical detection scheme in the pointer basis cannot 
distinguish whether the macroscopic field corresponds to 
I .Don) or I -D ff); the global phase is not observable. How- 
ever, if the experimenter can place the test charge in a 
coherent superposition of |A^ ) and |^,o) and later mea- 
sure the test charge in a basis which does not commute 
with the pointer basis, he can determine the state of V. 
Producing such a superposition and measurement is ex- 
actly the feature of AB-effect experiments that enables 
this classically impossible feat. 



Detection of particles transferring negligible 
momentum 



Returning to the problem of detecting hypothetical 
particles which transfer negligible momentum, it's now 
not hard to guess how to proceed: the experimenter must 
transcend the classical detection scheme by preparing A 
in a superposition of pointer states and measuring A in a 
basis which does not commute with the pointer basis. A 
natural choice is atom interferometry or, more generally, 
matter- wave interferometry [29l [30] . 

An atom interferometer takes advantage of the de- 
Broglie wave nature of matter. For now, let us special- 
ize to a Mach-Zehnder interferometer, Fig. l[J although 



the ideas will apply generally. An atom is prepared in 
a coherent superposition \A$^p) + \A$g) of two wavepack- 
ets with something analogous to a beam splitter. These 
wavepackets are allowed to propagate over some length, 
and then the wavepackets are recombined with a second 
splitter. Assuming the spread of the wavepackets is neg- 
ligible, we can align the second splitter so that the atom 
ends up at one "bright" detector with near unit probabil- 
ity, and at the other "dark" detector with near vanishing 
probability. 

The detectors effectively measure A in the basis 
{\A±) = \A$^p) ± |A^)}. If we let the state \D ) rep- 
resent the absence of the hypothetical particles, we can 
take the evolution to be trivial: 

[\At, p ) + \A^ P )]\D ) - [\A*, P ) + \Ay, p )]\D ), (10) 

Measuring in the basis {|^4±)} gives outcome \A+) with 
certainty. But suppose a hypothetical particle decoheres 
the superposition by scattering off the atom, thereby 
recording which-path information, 



[|A^) + |^)]|An> 



\Mp)\D^ t ) + \Ay,p)\D^ t ), (11) 



where (D^ t \D^ t ) « 0. In this case, a measurement in 
the basis {|A ± )} gives equal probability of either out- 
come. When the dark detector clicks (which it will do 
half the time), this gives direct evidence of the hypothet- 
ical particle V even if it transfers negligible momentum 
to A. Importantly, the effective unitary governing the 
interaction, 



U = I A ®\D )(D \ 
^ r \Ax : p){Ax^p\ 

+ \Ay,p)(Afi i p\ 



[\D ( S)(D h 



-h.c.] 
h.c.], 



(12) 
(13) 
(14) 



is obviously diagonal in the basis {|A^), |A^)}. There 
is no way to detect the presence of V using a classical 
detection scheme, but atom interferometry can expose it 
simply. 

This basic idea is implied by the decoherence experi- 
ments of Hornberger et al. [31] and others [32]. In the 
Hornberger et al. experiments, coherent spatial superpo- 
sitions of C70 fullerenes were demonstrated by passing 
them through several gratings and recording the inter- 
ference pattern. (This is a generalized double-slit exper- 
iment rather than a Mach-Zehnder interferometer.) The 
interference region was filled with a gas of molecules much 
smaller than the fullerenes, such that collisions recorded 
which-way information in the gas but did not substan- 
tial deflect the fullerenes. The pressure of the gas was 
adjustable, so that (by observing the suppression of the 
interference fringes) the presence of the gas — and more- 
over its density — could be inferred even though the gas 
imparted negligible momentum to the measured system. 
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Of course, the imaginary atom-interferometry V- 
detector only works if the flux of hypothetical V particles 
is high enough such that at least one will scatter off a A 
wavepacket with significant probability. More generally, 
the initial state of V will be described by some density 
matrix = H%di\Di)(Di\, and there will be conditional 
unitaries and Decoherence will only be effec- 

tive if the average overlap 

ZdiiD^D™) = ZMDilU^U^m (15) 

i i 

is much less than unity. 

There are at least two ways to increase the likelihood 
of a scattering event, and hence increase the sensitivity 
of the experiment to the hypothetical V particles. First, 
the time over which the superposition is maintained can 
be increased, possibly by increasing the length of the in- 
terferometer arms. For an uncorrelated V gas, the ex- 
pected number of scattering events should be linear in 
time. Second, one can superpose ever larger clusters of 
atoms. That is, construct a matter- wave interferometer 
with as large of objects A as possible. As more atoms are 
added, the chance that at least one V particle scatters 
goes up, and it only takes a single scattering event to 
decohere the entire A system. 

Of course, there are many possible sources of decoher- 
ence; anomalous decoherence hardly implies the existence 
of new particles. Still, note that the inverse statement is 
true: the observation of interference effects (which estab- 
lishes the existence of the superposition, and hence im- 
plies that all relevant sources of decoherence have been 
eliminated) implies that there are not new particles (up 
to some level of sensitivity). Furthermore, if anomalous 
decoherence is observed, one can convincingly demon- 
strate that it is due to hypothetical particles by observing 
the functional dependence of the degree of decoherence 
on parameters which effect the scattering rate of the hy- 
pothetical particles. This is discussed further in the next 
section for the special case of dark matter searches. 

Nimmrichter et al. have recently proposed (33] using 
matter- wave interferometers to test "objective collapse" 
theories, such as the theory of Ghirard, Rimini, and We- 
ber (GRW) [34], which explicitly modify the Schrodinger 
equation to produce localized wavepackets stochastically. 
As Nimmrichter et al. point out, Vacchini has shown [35] 
that the master equation for the density matrix of a mass 
under GRW is equivalent to the master equation for that 
same mass when subjected to an appropriate type of col- 
lisional decoherence. This suggest caution in interpreting 
a potential observation of anomalous suppression of inter- 
ference fringes as evidence of objective collapse; the sup- 
pression might be explained by uncontrolled collisional 
decoherence described by normal quantum mechanics. 

If experimenters only had to worry about known 
known interactions, this would not be too worrying be- 
cause gas pressure, ambient light, and blackbody radi- 



ation can be well understood. However, heretofore un- 
known particles and forces have the potential to mimic 
objective collapse in state-of-the-art experiments. 

Dark matter direct detection through matter-wave 
interferometry 

Astrophysical and cosmological evidence suggest that 
the majority of mass in the universe is made up of invisi- 
ble dark matter. Existing experiments, observations, and 
theoretical preferences provide a complicated thicket of 
conditional restrictions on any potential theory of dark 
matter, but model-independent constraints are still rare 
and very valuable. Here I show that the methods de- 
scribed in the last section are sensitive to types of dark 
matter which have not been accessed by conventional 
direct-detection techniques. I will concentrate on the 
popular cold dark matter scenario which is supported 
by a bare minimum of assumptions. 

Based just on the movement of luminous matter in the 
galaxy and the virial theorem, we infer that cold dark 
matter in our region of the Milky Way has a density of 
roughly p ~ 0.4 GeV/cm 3 [36] and a (non-relativistic) 
Maxwellian velocity distribution centered around v ~ 230 
km/s with a cutoff at the galactic escape velocity v e ~ 525 
km/s [37]. For now, I assume that there is no mechanism 
that would substantially change p in the immediate vicin- 
ity of the Earth (though see, for example, [38). Given 
this, any hypothetical mass raoM for the dark matter par- 
ticle then fixes the rough interaction rate of a particle of 
normal matter (either an electron or a nucleon) as a func- 
tion of scattering cross section: Tq « vcrp/m-DM- This is 
why the most popular parameterization of the cold dark 
matter theory space is in terms of the mass raDM and a 
cross-section a. Typically, this is the total cross section 
for spin-independent scattering off nucleons. 

Direct detection experiments look for signs of recoil 
when a dark matter particle collides with normal matter 
of mass M, usually elastically. The energy deposited is 
0(m^ M v 2 1 M). So long as this recoil is measurable, it 
is doubtlessly easiest to use a classical detection scheme 
for the reason stated in the introductory section: non- 
classical states of matter are difficult to prepare and mea- 
sure, and this problem is exacerbated by the large vol- 
umes necessary to observe rare events. 

For nuclear recoil, direct detection experiments are 
sensitive down to a few keV being deposited in the de- 
tector, which corresponds to a sensitivity to dark matter 
masses greater than a few GeV. This lines up well with 
the Lee- Weinberg bound [39], which constrains the most 
popular and natural form of WIMP dark matter to a 
mass of at least 2 GeV. 

However, the most natural WIMP models have seen 
their parameter space severely constricted by experimen- 
tal searches [] and astrophysical observations [] . It is pru- 
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dent to allow for more general possibilities, and there are 
several models of cold dark matter with sub-GeV mass 
[4QU45] . The mass range between an MeV and a GeV is 
at least testable by looking at electron, rather than nu- 
clear, recoil [46] because the lighter electrons absorb more 
energy and also have a lower detectable energy threshold 
than nuclei. But there is no a priori relation between nu- 
cleon and electron scattering, and direct detection tech- 
niques which identify individual collisions probably can- 
not do better than this. A 1 MeV dark matter candidate 
will typically deposit less than an eV when colliding with 
an electron and less than 10~ 3 eV when colliding with a 
nucleus. (For a keV candidate, the values are 1CT 6 and 
1CT 9 eV, respectively.) Therefore, sub-MeV dark matter 
is a promising scenario for decoherence-sensing interfer- 
ometers to have a comparative advantage. 

Consider a coherent spatial superposition of normal 
matter |t4^^)+|t4^^), where the separation Ax = x-y is at 
least as large as the width of the wavepackets. The ability 
of dark matter to decohere this state is determined by the 
overlap (Z^tl-^out) of the conditional dark-matter post- 
scattering states. This overlap, in turn, is strongly ef- 
fected by size of the de Broglie wavelength A = 2irh/v ttt-dm 
of the scattered dark matter particle compared to the 

separation Ax. If Ax « A, then |(^outl^out)l * s on ^ 
slightly away from unity. The dark matter cannot eas- 
ily "see" the superposition, and it takes many scattering 
events to decohere the normal matter [51] . On the other 
hand, if Ax » A, then (D^ t \D^ t ) nearly vanishes. The 
out states are distinct and a single dark matter collision 
suffices to decohere. 

The general case was worked out by Gallis and Fleming 
[52] . (See also [53-55 .) The state of the normal matter 
in the {|A^p), basis after a time T is 

^ = l(rl) (16) 

where 7 = exp[-TF(Ax)] is the decoherence factor. The 
decoherence rate F(Ax) is given by 

F(Ax)= J dqn(q)v(q) J dqdq' - 

x {1 - cos[q(q - q') • Ax]} \f(qq, qq')\ 2 (17) 

where n(q) is the spectral number density (number 
per unit volume, per unit momentum) of dark matter, 
\f(qq,qq r )\ 2 is the differential cross section, and v(q) is 
the velocity of dark matter with momentum q. For cold 
dark matter, this is simply v(q) = q/rriBM- The angu- 
lar integrals can only be done by assuming a form for 
the differential cross section, but the excluded region will 
not be very sensitive to it so long as it does not vary to 
fast with momentum q. In the small wavelength limit, 
F will be a function of the total cross section <j tot = 
/ / dqdq r \f(qq,qq r )\ 2 /An. In the large wavelength limit, 
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FIG. 2. The dark matter detection reach of several pro- 
posed experiments featuring macroscopic spatial superpo- 
sitions, compared with existing constraints, for the spin- 
independent nucleon scattering cross section. The dotted lines 
labeled 'Rocket', 'Balloon', and 'Sea level' denote maximum 
cross-sections accessible by sounding rockets, sounding bal- 
loons, and terrestrial experiments at their respective altitudes 
due to atmospheric shielding. The X-ray Quantum Calorime- 
try experiment ('XQC', excluded region) and halo heating and 
stability arguments ('Halo', excluded above) provide model- 
independent limits. Under appropriate assumptions about 
the behavior of dark matter in the early universe, the Cosmic 
Microwave Background ('CMB', excluded above) provides a 
tighter bound for ttidm < 1 MeV. This can be slightly im- 
proved ('CMB+') with arguments from Large Scale Struc- 
ture data, elemental abundances from big bang nucleosyn- 
thesis, and the Hubble constant Ho. On top of these ex- 
isting constraints, the possible sensitivities of four proposed 
experiments are shown: magnetically trapped superconduct- 
ing microspheres [47] ('Pb sphere'), optically-trapped silican 
nanospheres [48] ('Si sphere'), a laser-driven silican mirror [49] 
('Si mirror'), and the optical time-domain ionizing matter- 
wave interferometer 50 ('OTIMA') for several choices of clus- 
ter mass. Significant visibility boosts for all experiments exist 
below roughly 1 MeV, where the typical de Broglie wavelength 
of the dark matter is long enough to scatter coherently off 
multiple nuclei. (Coherent scattering off multiple nucleons in 
the same nucleus occurs for the entire plotted range.) When 
the de Broglie wavelength is larger than the size of atoms but 
smaller than the size of the interfered object, complicated 
scattering effects exist. The dashed lines on the experiments 
are regions where a very crude fractional coherence boosts 
approximation has been made. Below roughly 10 eV, the 
number density of cold dark matter becomes so large that 
Fermi degeneracy prevents fermionic dark matter from reach- 
ing the density necessary to explain galactic rotation curves. 
Strongly interacting massive particle ('SIMP') models prob- 
ably cannot be accessed by decoherence-based approaches in 
the near future, but it provides a useful reference. 



F will be a function of the momentum-transfer cross sec- 
tion cr tr = f f dqdq'(l - cos 0)\f(qq, qq')\ 2 /4tt, where 
is the scattering angle. For the purposes of plotting ex- 
clusion regions, I will take \f(qq, qq f )\ 2 (l + cos 2 #), 
which is the form of Thomson and Rayleigh scattering. 
For this choice, and also for the choice of hard-sphere 
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scattering \f(qq,qq , )\ 2 oc 1, cr tot and cr tr coincide. If we 
assume a = a tot = a tr varies slowly with we can then 



numerically compute the integrals in Eq. 17 



Note that the decoherence factor 7 is multiplicative for 
independent scattering events, so for a time- varying sep- 
aration Ax(t) in the interferometer, one can simply use 
the time average (Ax 2 ) = T' 1 f Q Ax 2 (t)dt when com- 
puting 7. The condition for effective decoherence is that 
7« 1, that is T> l/F(Ax). 

Interferometry with single atoms has little hope of be- 
ing sensitive to dark matter because of the rarity of in- 
teractions. Fortunately, recent progress in the size of su- 
perposed objects in matter- wave interferometry has been 
stunning, with clear fringe patterns produced when in- 
terfering molecules composed of up to 430 atoms and 
in excess of 6,000 amu [56]. Optical time-domain ioniz- 
ing matter- wave (OTIMA) interferometers proposed by 
Nimmrichter, Haslinger, Hornberger, and Arndt (NHHA) 
will interfere clusters of matter larger than 10 6 amu 
[50] . For the purpose of demonstrating the potential of 
dark matter detection through decoherence-based tech- 
niques, I will use the NHHA proposal as a benchmark 
and roughly estimate its sensitivity to dark matter for 
different cluster sizes. See Fig. f . 

Modern matter-wave interferometry experiments like 
the NHHA proposal use multiple gratings with many slits 
to overcome difficulties with beam coherence and tiny de 
Broglie wavelengths [29] [30] , so the matter clusters are 
not described by a simple superposition of two spatially 
separated wavepackets. Nonetheless, treating the exper- 
iment this way should gives us a good estimate of the 
potential visibility of dark matter. For this purpose, we 
choose Ax = 157 nm to be equal to the wavelength of the 
laser grating used to produce the "slits" in the NHHA 
proposal. More detailed calculations are deferred to fu- 
ture studies. Note that only the results for raoM £ 20 
keV will depend on this choice. For larger masses, which 
are in the short wavelength limit, any scattering event 
results in complete decoherence independent of Ax. 

Importantly, sub-GeV dark matter will scatter coher- 
ently off multiple nucleons so long as its coupling to nucle- 
ons is independent of spin, as is commonly assumed. This 
means that the total scattering rate is proportional to the 
square of the number of nucleons in the target so long as 
the target is smaller than the de Broglie wavelength of 
the dark matter, i.e. the target fits inside the coherence 
volume A 3 . When the wavelength is large enough to span 
multiple nuclei, but not large enough to span the whole 
target, complicated interference effects (both construc- 
tive and destructive) arise which depend sensitively on 
the angular cross section and the distribution of nuclei. 
For the estimates in this work, I make the crude assump- 
tion that the boost is linear in the number of nuclei which 
fit in the coherence volume, deferring more accurate cal- 
culations. 

In the same way, I also estimate the visibility of three 



other proposed experiments: magnetically trapped su- 
perconducting microspheres [47], optically-trapped sil- 
icon nanospheres [48 , and a photon-driven oscillating 
mirror [49] . 

Direct-detection experiments on the Earth's surface 
will only be sensitive to dark matter if its cross-section 
with nucleons is sufficiently low for it to pass through 
the atmosphere and reach the experiment. This up- 
per bounds the spin-independent cross-section visible to 
Earth-bound experiments at about 10~ 27 cm 2 . This can 
be circumvented by placing the experiment on a sounding 
balloon (~30 km altitude; 10~ 25 cm 2 ), a sounding rocket 
(-200 km altitude; 10" 18 cm 2 ), or on a satellite in low- 
Earth orbit. I do not know if anyone has studied the 
possibility of observing non-classical states on a balloon 
or rocket, but spaceborne experiments are certainly fea- 
sible [50l [57] [58] . As shown in Fig.Jp, the next generation 
of quantum superposition experiments would probably 
need to be raised at least partially out of the Earth's 
atmosphere to see dark matter. 

The only existing direct-detection constraints on the 
spin-independent dark-matter-nucleon scattering cross- 
section (7 for masses tubm below a GeV come from the 
X-ray Quantum Calorimetry (XQC) experiment [59], as 
analyzed by Erickcek et al. [60]. (See, however, [61].) 
There is additionally a pair of related model-independent 
bounds arising from the stability of dark matter halo and 
the rate at which it heats interstellar gas through colli- 
sions [62] . 

Although it's tempting to remain agnostic about the 
behavior of the dark sector in the early universe, the suc- 
cess of cosmological models in explaining observations al- 
low additional constraints with some confidence. Assum- 
ing the standard thermal freeze-out scenario, the Cos- 
mic Microwave Background (CMB) puts tighter upper 
bounds on a than those from halo heating and stability 
for moM > 1 MeV [63 . They can slightly improved by the 
addition of constraints arising from Large Scale Structure 
data (LSS), elemental abundances from big bang nucle- 
osynthesis (BBN), and the Hubble constant Ho. 

These contraints are all plotted in Fig. Without 
making significant new assumptions, there does not ap- 
pear to be any other restrictions on cold dark matter for 
low masses. 

As stated in the previous section, the many possible 
sources of decoherence mean that its mere detection has 
ambiguous implication. The observations of interference 
(i.e. the elimination of all decoherence) can reliably ex- 
clude dark matter parameter space, but the mere detec- 
tion of decoherence is not enough to conclusively demon- 
strate the existence of dark matter particles. To do that, 
experimenters must have some handle on the degree of 
dark- matter originating decoherence. By manipulating 
the expected amount of decoherence, and confirming that 
it matches what is observed in the experiment, one can 
establish enough properties of the source to be confident 



the source is dark matter. 

If the dark matter interacts strongly enough to be 
blocked by normal matter, then moving the experiment 
underground would reduce decoherence and increase 
fringe visibility, while placing the experiment above the 
atmosphere would increase decoherence and reduce fringe 
visibility. On the other hand, if normal matter is ineffec- 
tive at shielding the dark matter, the orbit of the earth 
around the sun could be used to see an annual modu- 
lation. (See, for example, the Michelson-Morely exper- 
iment [6^1 165]. and the CoGeNT [1 and DAMA family 
[3l [66j [67] of dark matter searches.) When the earth is 
moving with the stream of new particles, flux and deco- 
herence would be less; when the Earth is moving against 
the stream, flux and decoherence would be greater. 

Likewise, if interferometers were used to detect hy- 
pothetical particles produced artificially on earth — dark 
matter or otherwise — then the velocity of the hypotheti- 
cal particles could be slow enough that physically moving 
the interferometer in the laboratory modulates the sig- 
nal. 

Gravitons, fifth forces, and relic neutrinos 

Gravitons are generally thought to be undetectable 
by any feasible measurement [68H7Q] . In particular, a 
Jupiter-sized detector in close orbit around a neutron 
star is expected to absorb no more than one graviton 
every decade, and even then is unlikely to be able to 
distinguish it from background events in any imaginable 
manner [68]. However, a non-classical detection scheme 
may be able to reveal gravitons — although the technology 
for such an experiment still lies far in the future. 

Consider an experiment where a clump of matter of 
mass m is brought into a superposition of two spatially 
localized center-of-mass wavepackets separated by a dis- 
tance L and then recombined after a time r, so that 
the interference pattern can be observed. The object ac- 
celerates to a speed v = j3c ~ L/r. See Fig. 2[J Even 
if there is no decoherence of the two paths from exter- 
nal environments, the possibility of intrinsic decoherence 
due to emitted electromagnetic radiation is well known 
[7TJ[72]. Assuming the clump is thermal, there are two 
types of possible decohering radiation: blackbody and 
bremsstrahlung. Decoherence from blackbody radiation 
can be avoided by cooling the body to a temperature 
with characteristic wavelength At » L. 

Breuer and Pettruccione (TTJ [73] calculate the deco- 
herence due to electromagnetic bremsstrahlung for this 
experiment and found that interference between the two 
paths is suppressed by a decoherence factor 7 where 

m7 *_^lCo/3 2 (18) 

7T 

for negligible temperature (initial vacuum state) of the 
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FIG. 3. Decoherence by electromagnetic or gravitational 
bremsstrahlung. A charged object traveling at a speed is 
brought into a coherent superposition of spatial extent L then 
recombined after a time r. If the two paths include suffi- 
cient relative acceleration for the given charge, they decohere 
through the emission of bremsstrahlung, which records with- 
path information. The radiation need not be absorbed for its 
existence to be detected. 

electromagnetic field in the non-relativistic (/? « 1) limit. 
Above, a e = q 2 /47rhc is the effective electromagnetic cou- 
pling constant for a clump of charge q and Co is a con- 
stant of order unity which depends only logarithmically 
on an infrared cutoff set by the finite duration r of the 
superposition. In this non-relativistic limit, the photons 
have wavelength of order A = f3~ x L » L and it takes 
many photons to decohere. For relativist ic /?, the wave- 
length of the radiation is comparable to L. In this case, it 
turns out that the decoherence factor 7 is essentially the 
probability that the clump does not emit any photons, 
which still goes like In 7 — a e j3 2 . Notice that this does 
not strongly depend on L so long as L is larger than the 
width of the wavepackets. 

Electromagnetic bremsstrahlung can be avoided by en- 
suring that there is no net electromagnetic charge. (Mi- 
croscopic charge inhomogeneities are smoothed out on 
scales smaller than A.) The same is not true for gravi- 
tational bremsstrahlung because the mass of the object 
is always non-zero. We cannot directly use the results 
of Breuer and Pettruccione because gravitons are spin-2 
and gravitational radiation does not have a dipole compo- 
nent. However, from the calculation of electromagnetic 
and gravitational quadrupole radiation [74[ [75], which 
picks up an extra factor of /3 2 , it's clear that the deco- 
herence factor behaves like 

dm 2 

ln 7 ~-a,/3 4 = -^-/3 4 . (19) 
The planck mass 



nip = 




w 1.2 x 10 19 GeV/c 2 w 21/ig (20) 



is precisely the mass scale at which the gravitational 
coupling constant a g reaches unity. Thus, the coherent 
manipulation of Planck-mass superpositions at relativis- 
tic speeds will enable the detection of gravitons. Non- 
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relativistic speeds necessitate an increase in mass by a 
factor f3~ 2 . 

As mentioned, matter-wave interferometry has been 
demonstrated with m ~ 10 4 amu, with no fundamen- 
tal obstacles to surpassing m ~ 10 6 amu [50]. The pri- 
mary barrier to experiments interfering masses larger 
than m ~ 10 T amu is the Earth's gravity, which may be 
eliminated in spaceborne experiments [50j [76] . Superpo- 
sitions of lead spheres with m ~ 10 14 amu [47J [48] and of 
oscillating mirrors with m ~ 10 16 amu [49j [77] are being 
pursued, although the spatial extents of such superposi- 
tions are too small to decohere through bremsstrahlung. 
Given this, the coherent manipulation of Planck-mass 
(10 19 amu) objects — though massively difficult — is not 
inconceivable. It is arguably more feasible than con- 
structing a detector of Jovian proportions. 

The key aspect of this experiment is that the elemen- 
tary masses making up the lump of matter act together 
coherently to generate the graviton. Note that the emit- 
ted graviton cannot be observed by any feasible classical 
detection scheme. Nonetheless, its presence can be in- 
ferred by the decoherence it causes, just like the presence 
of a decohering gas in existing interferometers. 

Of course, such a scheme for detecting the presence of 
gravitons assumes that all other sources of decoherence 
can be suppressed. There are at least two such sources 
which, if they hinder the observation of gravitons, would 
themselves be exciting new physics: collisional decoher- 
ence from relic neutrinos, and bremsstrahlung from fifth 
forces stronger than gravity. The investigation of these 
possibilities is deferred to future work. 

Relation to standard quantum limits 

A standard quantum limit (SQL) refers most gener- 
ally to a limit on experimental accuracy due to quantum 
effects. It appears that all SQLs existing in the litera- 
ture can be formulated in terms of a classical detection 
scheme, that is, the estimation of a parameter through 
the preparation and measurement of a quantum system 
in a single given basis. It is satisfying to explicitly repro- 
duce two of the most well known SQLs: the accuracy with 
which the displacement of test masses can be measured 
(often known as the standard quantum limit) and the 
shot noise limit for probing local unitaries with unentan- 
gled photons. When placed in this framework, its clear 
that existing SQLs are distinct from the decoherence- 
based technique introduced in this article. 

For concreteness I will use the classical fidelity (Bhat- 
tacharyya distance) 

F(p,q) = Y,VPM ( 21 ) 

i 

as a measure of the distinguishability of two probability 
distributions pi and qi. Note that F = 1 if pi = qi and 



F = if pi and qi are perfectly distinguishable, i.e. if their 
supports are disjoint. 

First, consider a weak force which operates on an oth- 
erwise free particle for a time T between an initial prepa- 
ration and a (POVM) measurement. Suppose we are 
restricted to a classical detection scheme in the overcom- 
plete basis of Gaussian wavepackets of spatial width do 
and zero expected momentum. A wavepacket under the 
influence of a classical force has a center in phase space 
which follows the classical equations of motion and (re- 
gardless of whether the classical force is applied) has a 
spatial width which grows like [78] 

cr(Tf =al + (hT/2ma ) 2 . (22) 

The fidelity between the probability distributions for the 
result of the POVM measurement, with and without the 
force, is F = exp[-Ax 2 F /8(a(T) 2 + ctq)], where Ax F is 
the classical displacement caused by the force. The fi- 
delity is minimized (distinguishability maximized) when 
ctq = hT/2^2m. (In some cases, the effective value of 
<Jo may be controllable by adjusting macroscopic param- 
eters of the environment [79.) This motivates defining 
the standard quantum limit 

AxgQ L = 2V2hT/m. (23) 

Since 

p _ e -Ax 2 F /4Axl Ql ^ ^4) 

the force is only detectable when Axp Z A^sql- 

Naturally, this SQL for test masses can be beaten by 
preparing non-classical superpositions. For classical dis- 
placements much smaller than the SQL, Axp « A^sql, 
the effect of the force is to add a phase x = Axpo/h to 
the wavepacket (with negligible effect on its spatial enve- 
lope), where po is the momentum of the test mass. This 
phase can be observed by preparing a coherent spatial 
superposition of wavepackets, such as using atom inter- 
ferometry to detect gravitational waves [80] . 

Second, consider N qubits with a Hilbert space of di- 
mension 2^. The qubits are acted upon by local uni- 
taries which are all identically equal to V a or which 
are nearby: V& = UV a for U near the identity. Since an 
overall phase difference between V a and V& cannot be ob- 
served, we can set one of the eigenvalues of U to unity 
and let the computation basis diagonalize it: 

C/ = |0>(0| + e^|l)(l|. (25) 

The goal is to optimally distinguish between V a and Vb 
for small <p. For a single qubit (N = 1), an arbitrary initial 
state and measurement basis leads to two probability dis- 
tributions for the outcomes. The fidelity between them 
is 

F = l-x4> 2 + 0(4> 3 ), (26) 
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where x ^ V 4 * s a non-negative constant depending on 
the initial state and the measurement basis. For N un- 
entangled qubits measured in an arbitrary product basis, 
the fidelity is 

N 

F = Y\F l = l-( X )N4> 2 + 0(4> 3 )- (27) 

i=l 

This is the shot noise limit for detecting a small phase 
in a classical detection scheme utilizing an unentangled 
basis for preparation and measurement: for the unitaries 
to be distinguishable for large TV, <j) must decrease no 
faster than l/\/N. 

On the other hand, if we allow the initial entangled 
state 

\r\\®N , 1 1 \®N 

\^)-(vrr l l0) j ] , (28) 

we can achieve an accuracy in </> which scales like 1/N. 
This is the so-called Heisenberg limit, and it is the best 
one can do [5TH83] . 

These examples, and all SQL's of which I am aware, 
assume unitary dynamics of the measured system. In 
other words, they treat the environment completely clas- 
sically. (The "decoherence-enhanced measurement" of 
Braun and Martin [84] — though a promising idea for 
evading the shot-noise limit in a decoherence-resistant 
manner — is misleadingly named. Under that protocol, 
the environment responsible for the decoherence actually 
serves as an auxiliary system and must be measured.) 
Furthermore, if we move to the exact "classical limit", 
such as Axp = or <fi = 0, the phenomena become com- 
pletely undetectable, whether or not quantum methods 
are employed. 

In contrast, the decoherence-based schemes proposed 
in this article are crucially non-unitary; the dynamics in- 
crease the mixedness of the measured system. Most strik- 
ingly, they can enable detection of phenomena which, 
classically, cannot be detected by any means. Hypotheti- 
cal particles transferring exactly zero momentum can still 
easily cause decoherence in a matter- wave interferometer. 

DISCUSSION 

One can reinterpret many experiments which establish 
non-classical states as direct evidence against hypothet- 
ical phenomena which, if they existed, would decohere 
those states. Insofar as stability in the presense of de- 
coherence defines the degree of classicality of a state (an 
extension of the fact that the classical pointer states are 
the most robust to decoherence [TQl [TTJ H5]), the best 
constraints on hypothetical weak phenomena will come 
from the most non-classical states. 

It's not clear whether any of the particular proposals 
I have discussed will turn out to be used for detecting 



new phenomena. Evolution is usually not exactly diag- 
onal in the pointer basis, so any given proposal might 
be surpassed by a sufficiently sensitive classical detec- 
tion scheme. Nonetheless, the amazing properties of non- 
classical schemes gives good reasons to investigate them. 
In addition, many experiments investigating non-classical 
states are already being pursued with completely inde- 
pendent motivations; the ability of these experiments to 
rule out weak phenomena (or discover them!) is an added 
bonus. 
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